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SUMMARY 

State-of-the-art, high temperature polylmlde matrix composites, reinforced 
with continuous graphite fibers are known to be susceptible to Intraply crack- 
ing when thermally cycled over their useful service temperature range. It Is 
believed that the transply cracking. In part, results from residual stresses 
caused by differences In coefficients of thermal expansion (CTE) between the 
polymer matrix and the reinforcement. Thermal cycling tests to Investigate 
this phenomenon Involve expensive time and energy consuming programs which are 
not economically feasible for use as a part of a materials screening process. 

As an alternative to thermal cycling studies, a study of unbalanced cross- 
ply graphite fiber reinforcement composites was conducted to assess the effect 
of the composite ply layup and surface condition on the residual stresses that 
remain after the processing of these materials. The residual stresses were 
assessed by measuring the radii of curvature of the types of laminates that 
were studied. The temperature at which stress-free conditions existed were 
determined and a dye penetrant method was used to observe surface damage 
resulting from excessive residual stress buildup. These results are compared 
with some published results of thermal cycling tests that were previously con- 
ducted on balanced polylmlde composites. 


INTRODUCTION 

Aircraft engine materials forecasts for the decade of the 1 990 ' s and the 
early 21st century specify polymer matrix composites for use In aircraft 
engines and other high temperature structures with use temperatures as high as 
427 °C. Current state-of-the-art high temperature composites are now limited 
to graphite fiber reinforced polylmldes (such as PMR-15) materials. These 
materials are acceptable for engine use at 288 °C for times up to 5000 hr. The 
polylmlde composites are processed at 316 °C and this level of temperature 
causes problems due to the residual stresses that are set up during the cool 
down to room temperature after the forming and curing step In the laminate pro- 
cessing have been completed. This type of behavior may be more severe with 
427 °C composites. 

The mismatch between the coefficients of thermal expansion of the graphite 
fiber (-1.0 to 10.0x10“° °C - ') and the polylmlde matrix (56xl0“® °C“b creates 
a considerable amount of residual stresses within the composite as It Is cooled 



from the cure temperature to room temperature (a range of 290 °C). Depending 
upon the ply layup, these residual stresses may be severe enough to cause 
Intralaminar cracks to develop during the cooling phase of processing. While 
the cracks may be suppressed Initially, It was found that thermal cycling can 
Induce these Intraply cracks within the laminate (ref. 1). This type of damage 
Is commonly referred to as microcracking. These microcracks can cause the deg- 
radation of matrix dominated mechanical properties and reduced structure life 
at elevated temperatures. 

Aircraft engine structures made from polylmlde composites, normally see 
temperatures from -60 to 288 °C. In order to conduct tests similar to these 
conditions, specialized thermal cycling equipment Is required. Typical thermal 
cycling tests require days and weeks to complete. Thus, It would be very use- 
ful to develop a reliable, quick procedure to screen materials and rank them In 
their ability to resist microcracking. One obvious method for consideration 
would be the testing of unbalanced composites. Unbalanced composites have been 
used to measure residual strains caused by CTE differences between the cross- 
plies (ref. 1). It would be expected that these strains can be related to 
thermal cycling Induced Intralaminar cracking (refs. 2 to 4). 

In the work reported herein, the technique of using crossplled, unbalanced 
polymer matrix composites was used to assess residual stresses for a number of 
composite designs, layups and materials. Residual stresses were calculated for 
the different laminates using simple laminate theory. The composite designs 
that were studied were those that were believed to Influence residual strain 
buildup (refs. 5 and 6). Cel Ion 6000 and the higher strength AS4 were the two 
fibers that were included In this study. Three types of resins were Included - 
PMR-15, PMR-II-50 and PEEK. The ply layups were limited to C0°, 90°]. The 
curvatures were measured after cool down, and the surfaces were photographed 
after treatment with a dye penetrant to visually high light surface damage that 
might be caused by the residual strains. The stress-free temperatures of the 
various composites were measured In an environmental chamber using a cathetome- 
ter such as that used In creep test measurements. 

The composite designs were assessed on the basis of their radius of curva- 
ture and the crack density at the surfaces of the composites. The behavior of 
some composites were compared to similar composites that were thermally cycled 
by other Investigators. 


MATERIAL AND FABRICATION 

The AS4/PEEK unbalanced laminates were purchased from Flberlte Corp. The 
PMR-15 matrix resin was prepared from the monomethyl ester of 5-norbornene-2,3- 
dl carboxyl 1c acid (NE), 4,4'-methylened1an111ne (MDA), and freshly esterlfled 
3,3' ,4,4’-benzophenonetetracarboxyl ic acid (BTDA). These materials were 
obtained from commercial sources. The details of the esterification of the 
BTDA Is given in reference 7. The preparation of PMR-II-50 resin is similar 
to that of PMR-15 except that the diester that was used was the dlmethylester 
of 4,4' hexafluorol sopropyl Idlnebi s (phthallc acid) (HFDE) , and the diamine was 
p-phenylenedl amine (PPDA). The cure temperature was 316° for the PMR-15 com- 
posites and 371 °C for the PMR-II-50 composites. The details of the synthesis 
are given In reference 8. 
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The unsized AS4 fiber that was used was purchased from Hercules. Unsized 
Cellon 6000 graphite fiber was purchased from BSAF. Typical properties of 
these two fibers are presented In table I. The mat material that was used In 
the compression molding of the Cellon 6000/PMR— 1 5 [0,90], mat laminate was pur- 
chased from the International Paper Company. The mat density was 0.2 oz/yd^. 

The following steps were employed In prepregglng and laminate fabrication: 

(1) fiber tow winding 

(2) tow Impregnation by the monomer solution 

(3) drying 

(4) ply cutting and layup 

(5) Imldlzatlon 

(6) compression molding 

This procedure Is fully described elsewhere (refs. 7 and 8). A free standing 
postcure In air at 316 °C for 16 hr for the PMR-15 composites and 385 °C for 
the PMR-II-50 matrix composites was performed. 

A series of six laminates were fabricated using Cellon 6000 fibers as 
reinforcement. The laminates are described as follows: 

(1) 0,90 (PMR-15) 

(2) 0,0,90,90 (PMR-15) 

(3) 0,90, mat (PMR-15) 

(4) 0,90, resin (PMR-15) 

(5) 0,90,0,90 (PMR-15) 

(6) 0,90 (PMR-II-50) 

In addition to these, one AS4/PEEK [0,903 and one AS4/PMR-15 [0,90] composites 
were examined. All laminates measured 20.3 by 7.6 cm. 


TEST PROCEDURE 

Upon removal from the matched metal die molds, the cured laminates warped 
Into a cylindrical shape. The dimensions of the laminates were measured and 
the radii of curvature were calculated using the relationship: 



where r Is the radius of curvature, s Is the chord length and h Is the arc 
height (fig. 1). The x, y, and z axes correspond to the 1,2, and 3 axes of 
the laminate, respectively. 

The stress free temperature of each laminate was measured. The stress 
free temperature Is that temperature at which the radius of curvature of a lam- 
inate becomes Infinite. The procedure Involved the placement of each laminate 
within an Instron environmental chamber and heating It In steps of 50 °C to a 
temperature exceeding the cure temperature. The height, h, was measured with a 
cathetometer after equilibrium was reached at each temperature. The laminates 
stayed circular throughout the test, and radii of curvature were calculated 
from these data at each temperature. 
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The face of each laminate was treated with a dye-penetrant so that the 
stress cracks in the surface could be observed visually. The crack densities 
were measured as the number of cracks per unit length. The surfaces were then 
photographed showing the crack direction parallel to the fibers. 

Using an H 2 SO 4 /H 2 O 2 digestion technique (ASTM D-3171), the fiber contents 
of the laminates were measured. Composite densities were measured by the 
immersion method described In ASTM D-792. Flexural moduli of neat resins 
PMR-15, PMR 11-50, unidirectional composites of 0° and 90° fiber orientation 
and also a fiber mat/PMR-15 composite were measured using the method specified 
In ASTM D-790. The glass transition temperature was measured by thermomechani- 
cal analysis (TMA). 


EXPERIMENTAL RESULTS 

The dimensional data for each laminate that was studied are presented In 
table II. These data were measured when the laminates were removed from the 
mold after the cure was completed. These data Include length, width, thick- 
ness, arc height (h), chord length (s), and fiber volume percent. The fiber 
volume percent was measured after the stress free temperature was measured. In 
figure 2 , the data have been reduced using equation ( 1 ), to give values of the 
room temperature radius of curvature for each laminate In both the longitudinal 
and transverse directions. Table III also contains the stress free tempera- 
tures and glass transition temperatures. Figure 3 shows a plot of the radius 
of curvature for each of the laminates as a function of temperature. 

Figures 4 to 7 show the crack densities that were highlighted by dye pene- 
trant examination of the laminates. The photographs were chosen to show diff- 
erences due to variations In matrix, fiber and surface condition (mat and 
resin rich). Flexural strength and flexural moduli were measured on thicker 
unidirectional laminates in both the longitudinal and transverse directions. 
These measurements were made with Cel Ion 6000/PMR-15, AS4/PEEK, AS4/PMR-15, 
mat/PMR-15, and Cel Ion 6000/PMR-II-50 specimens. The results are presented in 
table IV. 


DISCUSSION 

When the unbalanced composites were removed from the mold after curing, 
they displayed two distinct radii of curvature, oriented perpendicular to each 
other. In most cases, the laminates could be snapped from one radius of curva- 
ture to the other. The exception to this was the AS4/PMR-15 [0,90]. This lam- 
inate was unstable In the secondary position because of Insufficient residual 
stresses that were needed to maintain the shape. If the residual stresses do 
not exceed the elastic limit of the matrix, (thus causing matrix microcrack- 
ing), the radii of curvature can be used as a measure of the developed matrix 
stress. It was found that the calculated strains were most severe near the 
edges and center of the laminate (figs. 9 and 10). This was confirmed by the 
crack patterns obtained by the dye penetrant. The strains range from a maximum 
tensile strain of 0.77 percent In the AS4/PEEK system to -1.14 percent compres- 
sive strain In the AS4/PEEK system. The midplane strains were obtained from 
the equations: 
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where a], a 2 , bi , b£ are constants calculated from laminate theory (ref. 4). 
The constants a and b were determined from laminate geometry (fig. 1). Since 
the laminates curled Into cylindrical shapes after the cure, b = 0 when the 
laminate curled about the 90° axis and a = 0 when the laminate was curled 
about the 0° axis. Thus, the equations simplify to: 


e° = a, + a 2 x 2 (5) 


e° - b 1 + b 2 y 2 (6) 

e° = 0 (7) 

xy 

Since the constants ai , a 2 , b] , and b 2 In the equations are based on lami- 
nate geometry, the calculated strains are a measure of residual strain In the 
laminate after cracking has occurred. 

For convenience and simplification of data presentation, the materials 
that were studied were divided Into two groups. One group contains composites 
with different matrix and fiber reinforcement materials. The second group con- 
tains those composites with different surfaces and ply layup sequences. The 
Cel Ion 6000/PMR-l 5 [0,90] composite Is the control reference for both sets of 
composites. In Interpreting the experimental results, small radii of curvature 
and/or high crack densities Indicate the presence of high residual stresses 
that develop during the cooling of the laminates from the cure temperature to 
room temperature. Both parameters must be considered since an Increase In 
crack density will cause a corresponding Increase In radius of curvature due to 
the resultant relief of residual stresses. 

Variations In matrix material and reinforcement fiber did result In sig- 
nificant differences In the room temperature physical and dimensional condition 
of the unbalanced composites that were studied. Comparisons of the cured com- 
posites can be summarized as follows: 

Radius of curvature and crack density . - A comparison of the four compos- 
ites with different reinforcements and matrices (figs. 2(b) and 8(b)) show that 
the AS4/PEEK composite possessed the lowest crack density and also the lowest 
radius of curvature. The combination Indicates a composite toughness that Is 
greater than the control specimen. The PEEK neat resin has a room temperature 
strain at failure In excess of 40 percent (refs. 9 and 10). The AS4/PMR-15 has 
a slightly lower crack density than the control material but It Is not a sig- 
nificant difference. The greater radius of curvature In comparison to that of 
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the control, coupled with the very slight difference In crack densities, sug- 
gest a lower level of residual stresses within the AS4/PMR-15 laminate but not 
necessarily a greater toughness. The Cellon 6000/PMR 11-50 specimen exhibited 
the greatest differences In crack density and radius of curvature when compared 
with the control material. The crack density is the highest of all the lami- 
nates that were tested In this study. For this particular laminate, the crack- 
ing process continued slowly and sporadically as time elapsed. Eventually the 
laminate flattened out as the crack density became large enough to relieve all 
the residual stresses. The crack distribution is relatively uniform as shown 
In figure 6. These conditions suggest that very high residual strains developed 
within the laminate during cool down or that the strain at failure Is less than 
that of the PMR-15. This will be examined later. 

Comparison of the three different ply layup sequences (figs. 2(a) and 8(a)) 
Indicate that the thin, two ply layup Is the most sensitive to the formation of 
transply cracks from residual matrix strains In unbalanced composites. A com- 
parison of the [0,90] layup with the [0,0,90,90] layup In effect compares ply 
thickness effects. The [0,0,90,90] Is a two ply unbalanced composite with each 
ply being twice as thick as corresponding ply In the [0,90] laminate. For the 
unbalanced composites, thinner surface plies are more susceptible to intraply 
cracking than thicker plies. The [0,90,0,90] laminate was Included to provide 
unbalanced conditions between those of the thin, two ply composite and a com- 
pletely balanced composite. As expected, the absence of cracks and the very 
large radius of curvature values show that this ply layup design is not sensi- 
tive to crack formation. 

CTE and flexural properties . - (Tables IV and V) The data In table V show 
that the CTE's are different for the three matrix resins and their composites. 
The CTE's for PMR-II-50 and Cellon 6000/PMR- 11-50 are higher than the values 
for the corresponding PMR-15 materials. This reflects the lower crosslink den- 
sity in the PMR-II-50 which has an average prepolymer molecular weight of 5000 
In comparison to 1500 for PMR-15. The measured stress free temperature for 
PMR-II-50 Is 342 °C, 23 °C lower than that of the PMR-15. This also reflects 
the differences in the crosslink densities. The difference in the CTE values 
measured across the fibers (90° direction) produce a residual stress Increase 
of about 0.23 percent In the PMR-II-50 composite In relation to that In the 
PMR-15 composite. It appears that the low transply crack resistance of the 
Cellon 6000/PMR-II-50 can be attributed to the higher CTE in reference to the 
control. The matrix material PEEK exhibited the lowest average CTE of the res- 
ins tested, yet had the highest average CTE across the fibers In the composite. 
The low crack density In the AS4/PEEK system probably results from the high 
strain to failure of PEEK and the possible relaxation of stresses due to the 
semicrystal 1 1 ne nature of the matrix. 

The CTE of the mat material more closely matches that of the CTE parallel 
to the fiber axis. Thus, the mismatch between the mat surface and the underly- 
ing ply Is much less than between plies In the control specimen. The addition 
of the mat layer caused a very small Increase In the radii of curvature of the 
test laminate, which Is probably not significant because of measurement error 
effects in the radius of curvature equation (see Error Analysis). In addition 
to the effect of the small CTE of the mat material, the randomly oriented short 
fibers present no direct path for crack growth through the surface layer, and 
the surface layer has a greater strength and modulus than the 90° surface of 
the control (table IV). 
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The resin rich surface significantly reduced the crack density on the 90° 
fiber surface of the test laminate (fig. 4(a)). This type of surface also 
caused a reduction In the radius of curvature about the 90° axis and an 
Increase about the 0° axis. The changes In the radii are due to the Increase 
In CTE of the resin rich surface layer which resulted In a greater contraction 
of the surface. This surface also has a lower flexural modulus and a higher 
strength than the 90° ply of the control specimen. The flexural strain at 
failure Is about two to three times that of the composite. The surface flexu- 
ral properties probably Influence the crack resistance significantly. 

Stress free temperature . - The stress free temperature was determined by 
measuring the temperature when the laminates became flat. As shown In fig- 
ures 3(a) and (b), the radius of curvature gradually Increased while below the 
cure temperature (316 °C). When the cure temperature was reached, the rate of 
increase of radius of curvature then Increased. In most cases the stress free 
temperature was not at the cure temperature, but at or above the glass transi- 
tion temperature (table III). It Is evident that the stress free temperatures 
range from Tg to temperatures as high as 35 °C above Tg. This Is not In 
agreement with Kim, et al . (ref. 6) who measured stress free temperatures at 
the matrix Tg for the AS4/PEEK system. During cool down, the laminate's 
radius of curvature plot retraced Itself showing no traces of hysteresis, thus 
eliminating evidence of further crosslinking and Increased residual stresses 
which would be observed as a tighter radius of curvature of the laminate. 


ERROR ANALYSIS 

All dimensional measurements performed on the laminates were made to 
±0.01 cm except for the thickness dimension which was measured to 0.0001 cm. 
The effect of this deviation on the radius of curvature (eq. (1)) Is as 
fol lows: 


9rds 3rdh 

dr - IT * ~3T 


The worst case was with s = 20.27 cm and h = 0.90 cm with ds and dh of 
opposite signs. Taking dh - -0.01 cm and ds = 0.01 cm: 


dr 


(20.27)(0.01) 
4(0.90) + 



-iMlV) (-0.0D 

8(0.90) / 


= 0.69 cm 

Due to dimensional measurement, the radius of curvature can vary by ±0.69 cm. 

The composition of each laminate across Its cross section was fairly uni- 
form with respect to fiber volume ratio. The fiber volume ratios had a stand- 
ard deviation that ranged from 0.1 to 5.5 percent. However, the standard 
deviations for the crack densities of the unbalanced laminates ranged from 
30 to 100 percent of the average crack density value. These high standard 
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deviations result from the nonuniformity of the crack patterns on the laminate 
surfaces. Cracked areas formed In clusters around stress concentrations on the 
surface of the laminate. Alternating areas of high crack density and low crack 
density or no cracks created the high standard deviation values. 

From a thermal analysis standpoint, the CTE typically displayed standard 
deviations between 10 and 35 percent of the average value over the temperature 
range of 0 to 350 °C for the 90° directions, mat composite, and resin speci- 
mens. The standard deviations of the CTE In the 0° direction were on the order 
of magnitude of the mean value of the measurements because the minor perturba- 
tion In the slope of the TMA curve have a larger Impact on the numerically 
small mean. Both the stress free and glass transition temperatures were mea- 
sured to ±1 °C. 

The mechanical properties exhibited low standard deviations of 2 to 5 per- 
cent of the reported value. The exception to this was the AS4/PMR- 1 5 [0,90] 
composite which has standard deviations of 8 to 12 percent of the reported 
values. 


SUMMARY OF RESULTS 

PMR-15 composites, made at the NASA Lewis Research Center from [0,90] 
Cellon 6000 fabric plies, were shipped to Rohr Industries for thermal cycling 
tests under a previous program. The laminates Included PMR-15 as a control, a 
laminate with mat surfaces and four laminates with varying fiber volume frac- 
tions. The results of these tests suggest that the mat surfaces and a decrease 
In fiber content reduce the microcrack formation from exposure to 1000 thermal 
cycles over the temperature range of -18 to 232 °C (table VI). The resin rich 
laminate In this study has two different fiber volume fractions on the two sur- 
faces of the specimen. The surface with the lower fiber content experienced 
less cracking than the surface with greater fiber content and also the control 
specimen. In general the results of the two separate tests Indicate an agree- 
ment between thermal cycling results and unbalanced composite data under the 
conditions described above. 

From the results of this study, the use of unbalanced composites as a 
screening test for rating the microcracking resistance of composites looks pro- 
mising. Further study Is necessary to determine the degree of applicability 
of using unbalanced composites as a means for screening materials for thermal 
cycling damage resistance. Recommendations for further study are: fiber con- 

tent, matrix strain to failure, and actual comparison with thermal cycled 
composites. 


CONCLUSIONS 

As shown In table VI, the surface conditions of the laminate effect the 
severity of cracking and the extent of crack propagation. In addition, the 
reduced crack densities on the mat surface and resin surface laminates also 
correlate with thermocycling data from General Electric and DuPont (refs. 5 
and 11). The results of these experiments can give a qualitative indication 
of microcracking resistance of different surface treatments and fiber/matrix 
combinations . 
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TABLE I. - PROPERTIES OF THE REINFORCING FIBERS 



Cel ion 6000 a 

AS4 b 

Tensile strength, Mpa ( ks i ) 
Tensile modulus, GPa (Msi) 
Ultimate elongation, percent 
Density, g/cm^ (Ib/in.^) 

3240 (470) 
234 (34) 

1.54 

1.77 (0.064) 

3795 (550) 
234 (34) 

1 .53 

1.80 (0.065) 


j*0ata obtained from Celanese Structural Composites. 
“Data obtained from Hercules Incorporated. 
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TABLE II. - LAMINATE PROPERTIES 


Lami nate 

Length , 
cm 

■ 

Thickness, 

cm 

Fiber 
vol ume, 
percent 

Longi tudi nal 

T ransverse 

Chord 

Arc 

height, 

cm 

Chord 

HK119H 

mSm 

Cel ion 6000/PMR-15 0,90 

20.40 

m 

0.0381 

67.2 

12.00 

6.86 

7.30 

I 0.98 

Cel ion 6000/PMR-15 0,90, Mat 

20.40 

m 

.0381 



6.45 

7.40 

.80 

Cel ion 6000/PMR-15 0,90, Res in 

20.40 

7.65 

.0457 

52.9 

7.65 

7.49 

7.53 

.38 

Cel ion 6000/PMR-15 0,0,90,90 

20.40 

7.66 

.0762 

58.2 

18.35 

3.81 

7.54 

.45 

Cel ion 6000/PMR-15 0,90,0,90 

20.42 

7.66 

.0813 

69.0 


.90 

7.65 

.10 

AS4/PMR-15 0,90 

20.41 

7.60 

.0508 

73.4 

Unstable 

7.47 

.79 

AS4/PEEK 0,90 

20.09 

7.49 

.0282 

66.9 

(a) 

(a) 

6.91 

1.42 

Cel ion 6000/PMR-II-50 0,90 

20.35 

7.59 

.0533 

57.7 

19.61 

2.42 

7.52 

.84 


a The radius of curvature was measured directly. 


TABLE III. = STRESS FREE TEMPERATURES AND GLASS TRANSITION 
TEMPERATURES OF THE UNBALANCED LAMINATES 


Lami nate 

Stress free 
temperature, 
°C 

Glass 

transi ti on 
temperature, 
°C 

Cel i on 6000/PMR-15 [0,90] 

365 

330 

Cel i on 6000/PMR-15 [0,90,0,90] 

320 

335 

Cel i on 6000/PMR-15 [0,0,90,90] 

352 

335 

Cel ion 6000/PMR-15 [0,90, Mat] 

354 

344 

Cel i on 6000/PMR-15 [0,90, Resin] 

357 

358 

Cel ion 6000/PMR 11-50 [0,90] 

342 

338 

AS4/PMR-15 [0,90] 

348 

328 

AS-4/PEEK [0,90] 

320 

330 


TABLE IV. - FLEXURAL PROPERTIES OF GRAPHITE REINFORCED COMPOSITES 


Composi te 

Fi ber Orientation 

0° 

90° 

Modul us 

Strength 

Modul us 

Strength 

GPa 

Msi 

MPa 

ksi 

Gpa 

Msi 

MPa 

ksi 

Cel ion 6000/PMR-15 

132 

18.9 

1948 

278.9 

9.6 

1.38 

84 

12.1 

AS4/PMR-1 5 

116 

16.6 

1461 

209.2 

10.8 

1.54 

59 

8.5 

AS4/PEEK1 1 

121 

17.5 

1880 

273 

8.9 

1.29 

137 

19.9 

Cel ion 6000/PMRII-50 

124 

17.7 

1742 

249.4 

8,1 

1.16 

98 

14.1 

PMR-15 Resin 

3.8 

.55 

103 

14.8 


— 


— — 

PEEK9, 10 

PMO-T T_^n 

2.6 

.52 

93 

13.5 


— 




r rll\~ X X”jU 

Random Mat/PMR-15 

14.5 

2.10 

279 

40.4 


— 

GS 

i 

i 

1 
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TABLE V. - AVERAGE COEFFICIENT OF THERMAL 


EXPANSION (xlO _6 /°C) a 


Lami nate 

Di recti on 

0° 

90° 

Cel ion 6000/PMR-15 

-1.03 

27.9 

Mat/PMR-15 

4.35 

4.74 

Cel ion 6000/PMR-II-50 

-1.22 

36.9 

AS4/PMR-1 5 

-3.24 

28.8 

AS4/PEEK 

-1.47 

b 52 .8 

PMR-15 

56.0 



PMR-II-50 

60.7 


PEEK 9 ’ 10 

c 47 . 0 

— 


^Average values from 20 to 300 °C. 
b 25 . 3 at 20 to 150 °C; 71.1 at 150 to 
300 °C. 

c 1 08 above 150 °C. 


TABLE VI. - THERMAL CYCLING OF Gr/PMR-15 LAMINATES 


[1000 cycles; -18 to 232 °C.] 


Lami nate 

Number of 
initial cracks 

(cracks/in.2) 

Number of 
final cracks 
{cracks/in .) 

PMR-15, Control 

0 

58 

PMR-15, Mat Surface 



0 

PMR-15, 59.88 percent fiber 




vol ume 




PMR-15, 55.68 percent fiber 



39 

vol ume 




PMR-15, 52.50 percent fiber 



22 

volume #1 




§ 2 



20 



FOR: 


a- o 

b= 

b= o 



FIGURE 1. - DETERMINATION OF RADIUS OF CURVA- 
TURE. 
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ARC ABOUT 90 DEGREE AX IS, CM ARC ABOUT 0 DEGREE AX IS, CM 



LAMINATE 

CEL ION 6000/PMR-15 
[0,901 


ASVPMR-15 [0,901 


CEL I ON 6000/PMR 
-11-50 [0,90] 


AS^/PEEK [0,901 



(b) CONSTITUENT 


ARC ABOUT 0 DEGREE AXIS, CM 



FIGURE 2. - RADIUS OF CURVATURE OF UNBALANCED LAMINATES. 



RADIUS OF CURVATURE, cm RADIUS OF CURVATURE, cm 



(3) PLY LAYUP AND SURFACE VARIATIONS. 


2000 r 


1600 — 


1200 — 


800 — 


MOO — 


CELION 6000/PMR-15 
[0,903 

AS4/PMR-15 

[0,903 

CELION 6000/PMR-II-50 
[0,903 

AS4/PEEK 

[0,903 



TEMPERATURE, 

(b) CONSTITUENT VARIATIONS. 


FIGURE 3. - RADIUS OF CURVATURE TO CENTER OF LAMINATE AS A FUNCTION OF 
TEMPERATURE. 
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ORIGINAL PAG? 

BLACK AHD mUTE PHOIOQBAth 


ORIGINAL PAGE IS 

of poop quality 




2.5 CM C-88-00803 

FIGURE 6. - CEL ION 6000/PMR-I 1-50 0,90 
90° SIDE. 



2.5 CM C-88- 12732 

FIGURE 5. - CEL I ON 6000/PMR-15 0,90, MAT 
MAT SIDE. 



0 U SIDE (AVG. # OF CRACKS/CM) 


LAW I NATE 

CELION 6000/PMR-15 
tO, 90] 

CELION 6000/PMR-15 
TO , 901RES r N 

CELION 6000/PMR-15 
L0,90]MAT 

CELION 6000/P MR- 15 
10,0,90,901 

CELION 6000/PMR-15 
tO, 90, 0,90] 




(a) PLY LAYUP AND SURFACE VARIATIONS. 




(b) CONSTITUENT VARIATIONS. 

FIGURE 8. - NUMBER OF CRACKS PER CENTIMETER IN UNBALANCED LAMINATES. 
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STRAIN, CM/CM STRAIN, cm/cm 


CEL I ON 6000/PMR-15 


0 

[0,90] 

0 

[0,0,90,901 

D 

[0,90,0,901 

A 

[0,90IRESIN 

<0 

10, 901 MAT 



(a) LONGITUDINAL STRAIN FOR ARC ABOUT 
TRANSVERSE AXIS. 


6x10 3 



(b) TRANSVERSE STRAIN FOR ARC ABOUT 
LONGITUDINAL AXIS. 

FIGURE 9. - MIDPLANE STRAIN vs DISTANCE 
ALONG ARC CORD. 


0 CEL ION 6000/PMR-15 
ro,90i 

□ AS^/PMR-15 
10,901 

° CEL ION 6000/PMR-I 1-50 
[0,901 



(a) LONGITUDINAL STRAIN FOR ARC ABOUT 
TRANSVERSE AXIS. 



(b) TRANSVERSE STRAIN FOR ARC ABOUT 
LONGITUDINAL AXIS. 

FIGURE 10. - MIDPLANE STRAIN vs DIS- 
TANCE ALONG ARC CORD. 
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